. Thus, the very essence of Top6B homolog (Keeney, 2001). Recently, however, Arasex is meiotic recombination. bidopsis thaliana was found to have three Spo11 homoHere, we will attempt to reconstruct some of the logs (which appear to be ancient paralogs and not the events that occurred to permit the development of sexresult of a recent duplication), as well as a homolog of ual reproduction in an ancient eukaryotic ancestor. We Top6B (Hartung and Puchta, 2001). Two of the three now have enough genomic and functional information Spo11 homologs interact with AtTop6B in a two-hybrid about meiosis from several different experimental sysassay, suggesting that they may form complexes with tems to allow us to define a "core meiotic recombination Topo VI-like activity. The third Spo11 homolog (Spo11-1) machinery" (Table 1) . This "core" is comprised of comdoes not interact with AtTop6B in this assay. Moreover, ponents that exhibit strong conservation across eukarySpo11-1 is responsible for most meiotic recombination, otic kingdom boundaries, indicating that they were all indicating that it is a bona fide Spo11 ortholog (Grelon present in a common ancestor of animals, plants, and et al., 2001). fungi. Based either on direct empirical data or inference Identification of Top6B in plants suggests that Top6B from their membership in larger protein families, these homologs in other eukaryotes would be recognizable, components are all assumed to be involved rather diand thus, that their absence is significant. As Top6B is rectly in DNA metabolism. By focusing on the roles of likely important for coordination of cleavage and remeiosis-specific components of the core meiotic recomjoining, liberation of a Top6A paralog (Spo11) from bination machinery, we will develop a case for three Top6B may have freed it from the restricted functions key landmark evolutionary events on the road toward of topoisomerases and allowed it to become an endonusex-acquisition of the means to (1) initiate recombinaclease. Since Spo11 orthologs in most eukaryotes do not have a Top6B partner in evidence and plants have tion at high frequency, (2) use the homologous chromoa Spo11 ortholog that appears not to interact with some as a recombination partner, and (3) promote comTop6B, we suggest that this emancipation occurred bepletion of recombination events as crossovers. Further, fore divergence of the extant eukaryotic lineages. Inwe will discuss insights about meiotic recombination deed, liberation of Spo11 from Top6B may have been that emerge from integrating information about the meia crucial defining event in the development of meiotic recombination and thus, sex. In many eukaryotes, Spo11 is essential not only for
quency of recombination. In S. cerevisiae, stimulation why this should be so, burgeoning genomic and funcof recombination during meiotic prophase is accomtional information now allows us to begin to think reaplished by deliberate introduction of double-strand sonably about some of the events that may have ocbreaks (DSBs) in DNA (Keeney, 2001; Figure 2 ). The curred to make sex possible in the first place.
culprit most directly responsible for making these breaks is the Spo11 enzyme. The presence of Spo11 At the heart of sexual reproduction is meiosis, the speorthologs in virtually all eukaryotes, coupled with funccialized cell division program whereby diploid organisms tional experiments in all organisms listed in Table 1 , reduce their chromosome number in half to generate indicates that Spo11-generated DSBs are the initiating haploid progeny cells. This reduction in chromosome lesions for most, if not all, meiotic recombination number is essential so that the union of two gametes (Keeney, 2001). will regenerate the diploid chromosome complement in Spo11 proteins of eukaryotic organisms are homologs the subsequent generation, thereby ensuring continuity of the A subunit of topoisomerase VI, a type II topoisomof the species. Meiosis can occur in a wide variety of erase from Archaebacteria (Keeney, 2001). Type II topocellular and physiological milieux, but in nearly all cases, isomerases provide a means of topological disentancorrect segregation at the meiosis I division depends glement of DNA, acting to pass one DNA molecule on crossover recombination events between the DNA through another by generating a transient DSB in one molecules of homologous chromosomes (Moore and of the two molecules. Topo VI is a heterotetramer of A Orr-Weaver, 1998). Crossovers at the DNA level collaboand B subunits; Top6A is likely responsible for DNA rate with cohesion between sister chromatids to form cleavage, while Top6B likely acts to coordinate breaktemporary connections (chiasmata) between homologs age with strand passage and rejoining. Most eukaryotes that allow them to orient toward opposite poles of the have a single Spo11 homolog and lack a recognizable meiosis I spindle (Figure 1) . Thus, the very essence of Top6B homolog (Keeney, 2001). Recently, however, Arasex is meiotic recombination. bidopsis thaliana was found to have three Spo11 homoHere, we will attempt to reconstruct some of the logs (which appear to be ancient paralogs and not the events that occurred to permit the development of sexresult of a recent duplication), as well as a homolog of ual reproduction in an ancient eukaryotic ancestor. We Top6B (Hartung and Puchta, 2001). Two of the three now have enough genomic and functional information Spo11 homologs interact with AtTop6B in a two-hybrid about meiosis from several different experimental sysassay, suggesting that they may form complexes with tems to allow us to define a "core meiotic recombination Topo VI-like activity. The third Spo11 homolog (Spo11-1) machinery" (Table 1) . This "core" is comprised of comdoes not interact with AtTop6B in this assay. Moreover, ponents that exhibit strong conservation across eukarySpo11-1 is responsible for most meiotic recombination, otic kingdom boundaries, indicating that they were all indicating that it is a bona fide Spo11 ortholog (Grelon present in a common ancestor of animals, plants, and et al., 2001). fungi. Based either on direct empirical data or inference Identification of Top6B in plants suggests that Top6B from their membership in larger protein families, these homologs in other eukaryotes would be recognizable, components are all assumed to be involved rather diand thus, that their absence is significant. As Top6B is rectly in DNA metabolism. By focusing on the roles of likely important for coordination of cleavage and remeiosis-specific components of the core meiotic recomjoining, liberation of a Top6A paralog (Spo11) from bination machinery, we will develop a case for three Top6B may have freed it from the restricted functions key landmark evolutionary events on the road toward of topoisomerases and allowed it to become an endonusex-acquisition of the means to (1) initiate recombinaclease. Since Spo11 orthologs in most eukaryotes do not have a Top6B partner in evidence and plants have tion at high frequency, (2) use the homologous chromoa Spo11 ortholog that appears not to interact with some as a recombination partner, and (3) promote comTop6B, we suggest that this emancipation occurred bepletion of recombination events as crossovers. Further, fore divergence of the extant eukaryotic lineages. Inwe will discuss insights about meiotic recombination deed, liberation of Spo11 from Top6B may have been that emerge from integrating information about the meia crucial defining event in the development of meiotic recombination and thus, sex. In many eukaryotes, Spo11 is essential not only for DSB engage a homologous duplex in a sequential rather than contemporaneous fashion (see also Pâ ques and organisms also do not rely on nascent recombination events to achieve synapsis between homologs. This corHaber, 1999). Further, elegant experiments of Allers and Lichten (2001) examining the kinetics of formation of relation suggests that as other mechanisms for promoting homolog synapsis became more prominent in these crossover and noncrossover products built a strong case that the canonical DHJ intermediate gives rise mainly organisms, a role for Dmc1 became dispensable. Perhaps if proper synapsis can be achieved by a recombito crossover products, whereas most noncrossover recombinants arise earlier via a different pathway. These nation-independent means, then interhomolog strand exchange can occur without the assistance of Dmc1. and previous results have been synthesized in the model depicted in Figure 2 , in which the crossover and nonIt may be the case that not all of Dmc1's specialized functions have been jettisoned, however. They may incrossover pathways diverge soon after single-ended strand invasion and initial repair synthesis. According stead have been "consolidated" in a modified version of Rad51 that retains some Dmc1-like character. Alto the model, events designated to become crossovers capture the ssDNA tail from the other side of the DSB though the surviving Rad51 homolog in both C. elegans and D. melanogaster is clearly more similar overall to and form the canonical DHJ intermediate, which will eventually be resolved by an HJ resolvase to give predomiRad51 than to Dmc1, there are positions in each protein where a Dmc1 signature residue has been substituted nately crossover products. Recombination events relegated to the noncrossover fate fail to capture the second for the residue normally found in Rad51 orthologs. end, and instead, the invading strand is displaced. The are widely conserved among eukaryotes that engage in displaced strand then anneals with the second end, sexual reproduction. This core machinery has apparsuch that further repair synthesis and ligation result in ently been adapted from vegetative DNA metabolism recombinational repair without crossing over.
functions to promote a high frequency of crossover reIn the framework of this model, the Msh4/Msh5 comcombination between homologous chromosomes durplex could act to promote crossing over at a number of ing prophase of meiosis I. This stimulation of interhomostages. It could act as early as the strand invasion step, log crossing over was critical for the emergence and by promoting conversion of a nascent unstable joint into evolutionary success of sex. In some organisms, relia more stable and extensive strand exchange intermediance on certain core components has apparently been ate. It might act to prevent strand displacement and/or lost or supplanted by the development of alternative to promote second end capture. Alternatively, it might strategies for ensuring crossover recombination beact after DHJ formation to promote resolution with the tween homologs. Successful variations are interesting appropriate geometry to yield a crossover. Application not only on their own merits, but also because they of biochemical assays for the above-described recombiprovide insights into the roles of conserved components nation intermediates in msh4 and msh5 mutants should as well. help "resolve" this issue in the near future.
